The insolubility in neutral condition is a major problem that confronts the further development of processing and uses of chitosan. Special emphasis has been put on the chemical modification of chitosan to explore its full potential. Studies on these methods are also encouraging and many kinds of water-soluble and alcohol-soluble derivatives have appeared. In this article, hydroxybutyl chitosan, a new type of thermosensitive polymer, was prepared through the chemical modification of 1,2-epoxybutane. Hydroxybutyl chitosan solution underwent sol/gel phase transition at a certain temperature lower than 20 0 C, however, at high temperature, hydroxybutyl chitosan can form hydrogel with a certain mechanical strength. Hydroxybutyl chitosan could be an ideal themosensitive material applied in drug delivery system, tissue engineering and other biomedical fields.
Introduction
Chitosan is an important derivative obtained from the alkaline deacetylation of chitin which is a cellulose-like polymer present in fungal cell walls and exoskeletons of arthropods. Recently, more and more articles (Koide, 1998; Kurita, 2001; Majeti, & Kumar, 2000; Rinaudo, 2006) have been reported that chitosan is a biodegradable, biocompatible and nontoxic polysaccharide which has played a significant role in many fields because of the abundance and wide scope of usage. At present, chitosan has been deemed as an ideal material in medicine and food-industries.
The term chitosan is usually used to describe chitosan polymers with certain molecular weight and degrees of deacetylation, which distinguishes from those water-soluble derivatives of chitosan. In acid condition, it exhibits the homogenous solution, however, when the pH is above 6.5, chitosan cannot be dissolved in water. The insolubility in neutral condition is a major problem that confronts the further development of processing and usage of chitosan. Special emphasis has been put on the chemical modification of chitosan to explore its full potential. Studies on these methods are also encouraging and many kinds of water-soluble and alcohol-soluble derivatives have appeared (Lihong, et al., 2006; Yajun, et al., 2007; Tao, et al., 2007; Li, & Aiqin,2008; Guangyuan, et al., 2007) . Among those methods, the addition reaction in alkaline condition is an important one during which epoxy compounds are used as etherifying agents. Such compounds (Graeme, et al., 1999; Wenming, et al., 2001; Huang, et al., 2003) as hydroxyethyl chitosan, hydroxypropyl chitosan, hydroxybutyl chitosan and et al have been prepared by different methods. These derivatives exhibit different functions and bioactivities of chitosan. Recently, a new type of hydroxybutyl chitosan has attracted more and more people's attention for its potential function of acute sensitivity to the temperature. However, there are few articles (Jiyoung, et al., 2006; Beiyi, et al., 2007) ) about the preparation, characterization and bioactivity of hydroxybutyl chitosan.
Hydrogels are hydrophilic three-dimensional polymeric networks which can absorb a large quantity of water. In many fields such as drug controlled release and tissue engineering, hydrogels have gained increasing importance. Recently, the trend in hydrogel research is the in situ-forming systems for biomedical applications (Gariepy, et al., 2002; Gariepy, & Leroux, 2004) . The main feature of this system is the phase separation between liquid aqueous solution before administration and hydrogel formation in physiological condition. Recently, one method which triggered by the changes in different environments has gained increasing attention, namely, thermosensitive approach.
Chitosan as a biodegradable polysaccharide is receiving a great deal of interest in the development of thermosensitive hydrogel system. There are many chemical methods currently used to create the thermosensitive hydrogels such as combinations between chitosan and glycerol-phosphate (Chenite, A., et al., 2000; Yanxia, et al., 2007) , PEG-grafted chitosan (Narayan, et al., 2005) , combinations between chitosan and polyvinyl alcohol (Yu-Feng, et al., 2007) and other chemical modifications. Though the hydrogels can be formed at physiological temperature, the excess use of glycerol-phosphate salt and the high gelation temperature may inhibit its further applications. This paper aims to observe the new thermosensitive derivative and study the rheological properties of hydroxybutyl chitosan. In the present experiment, we intend to provide some basis for its usage in the drug delivery, tissue engineering or other biomedical applications.
Results and discussion
Some natural polymers such as agarose, gelatin, amylopectin, cellulose derivative all exhibited the ability of formation of hydrogels when the temperature was heated to a critical pot. Early in 2000, Chenite, et al (Chenite, et al, 2000) first reported the preparation of thermosensitive hydrogel through the combinations between chitosan and β-glycero-phosphate (β-GP). From then on, chitosan was wildly used as an ideal thermosensitive material in drug delivery, cell encapsulation, tissue engineering and so on. Although the gel was capable of maintaining the bioactivity of loaded bone protein and viability of chondrocytes entrapped in the gel, the excess use of glycerophosphate salt may need to be avoided in a number of biomedical applications. Another approach of the thermosensitive induction based on chitosan was the chitosan-graftated derivatives. Though this method can in part avoid the excess using of β-GP, the biocompatibility and the high gelation temperature were unavoidable problems. In this paper, a new type of thermosensitive hydrogel was prepared and the characterization, rheological analysis was also carried out. Figure 1 shows the spectra of raw chitosan and hydroxybutyl chitosan respectively. The raw chitosan FT-IR spectra exhibited characteristic bands of 1664 cm-1 (amide I), 1580 cm-1 (amide II), 1380 cm-1 (amide III) and OH stretching near 3440cm -1 . The absorption bands at 1160cm-1 (asymmetric stretching of C-O-C bridge), 1075 and 1033cm -1 (C-O stretching) is considered to be the characteristic of chitosan saccharide structure. N-H and O-H stretching vibrations were characterized by broad band in the region of 3200-3500cm -1 . After chemical modification, the FT-IR spectra of hydroxybutyl chitosan ( Figure 1 ) exhibited significant difference from that of the raw chitosan. A new absorption band at 2966.9 appeared. The characteristic band of amide I at 1664 cm -1 disappeared and the bands at 1580cm -1 , 1380cm -1 became weaker and transformed to 1570.4 cm -1 and 1410 cm -1 , respectively. The bands of raw chitosan in the region of 1075-1600 cm -1 disappeared. These differences between raw chitosan and hydroxybutyl chitosan indicated that the reaction happened at -OH and -NH2, that is to say, the product in the present paper actually was N,O-hydroxybutyl chitosan which was different from the products mentioned in United States Patent (Pat. No. PCT/EP87/00207) (Lang , et al., 1992). The difference of XRD between raw chitosan and hydroxybutyl chitosan was demonstrated in Figure 2 . The main feature of the X-ray diffraction spectrum for raw chitosan the high intensity of the diffraction peak corresponding to d=4.440 and d=7.713, indicative of the typical structure of α-chitosan. Compared to the raw chitosan, the intensity of the diffraction peak at 2θ=20° is significantly decreased, the diffraction peak indicated in raw chitosan shifted from 2θ=10.7° to 2θ=7.8°. From the XRD analysis described above, the degree of crystallinity decreased owing to the chemical modification leading to the changing of water solubility and the chemical activity.
Characterization of hydroxybutyl chitosan

Rheological analysis
The dynamic mechanical characterization was useful for us to understand the possible mechanism of the transition of the hydroxybutyl chitosan from solution to hydrogel. Firstly, hydroxybutyl chitosan was subjected to a strain sweep test to ensure that the modulus G′ and G″ were independent of the applied strain in the linear viscoelastic region. 
Gel temperature
Dynamic mechanical experiments were carried out to observe the function of temperature on the formation of hydroxybutyl chitosan hydrogel. Figure 3 indicated the temperature dependence of the storage modulus G′ and the loss modulus G″ for 10% (w/w) hydroxybutyl chitosan solution at a frequency of 1Hz. The temperature was increased from 5 to 50 0 C at a rate of 1 0 C/min. In this process, we intended to observe the function of temperature on the rheological property. The storage modulus G′ reflected the solid-like component of the rheological behavior which was low at solution stage but increased significantly when the temperature was increased. Gelation temperature is usually defined as the sol/gel transition temperature at which G' is equal to G''.
Fig. 3.
Temperature dependence of storage modulus G′ and loss modulus G″ of 10% hydroxybutyl solution at a frequency of 1Hz and at a heating rate of 1 0 C/min from 5 to 50 0 C. Red and blue symbols denote G′ and G″, respectively. When the temperature is above 40 0 C, the phase separation behavior is indicated. Figure 3 showed that the gel temperature of 10% (w/w) hydroxybutyl chitosan is 14 0 C. When the temperature was lower than 14 0 C, the G′ was lower than G″ and all increased slightly as the temperature increased, demonstrating the common viscoelastic behavior of a liquid. However, when the temperature increased to 40 0 C, the sharp increase in G′ and slightly increase in G″ were considered as a result of partial formation of hydrogels. When the temperature was above 40 0 C, the G′ and G″ were dramatically decreased showing the phase separation behavior whose mechanism needed to be further researched.
In view of the phase separation, we chose the temperature ranging from 5 to 40 0 C to measure the gel temperature of other concentrations of hydroxybutyl chitosan. Figure  4 showed that hydroxybutyl chitosan had well thermosensitive property. When the temperature was lower than 25 0 C, the sol/gel transition behavior can happen, at 37 0 C the G′ of 5% and 3% hydroxybutyl chitosan reached about 200Pa and 700Pa respectively. However, the strength of gel can be indicated by the value of G′ and the great difference between G′ and G″. Figure 3 and Figure 4 showed that the hydroxybutyl chitosan solution had good thermosensitive property within the range of 5-40 0 C. In order to analyze the reversibility of hydroxybutyl chitosan, the cooling process was carried out (shown in Figure 5 ). During this period the temperature was increased from 5 to 40 °C and then decreased from 40 °C to 5 °C with the same rate of 1 °C/min. Figure 5 composites 2 processes, the formation of hydrogel and the reversibility of hydrogel. When the temperature reached 40 0 C, the storage modulus G′ reached the maximum which was larger than the loss modulus G″. That indicated that the hydroxybutyl chitosan was at the gelation stage. When cooled, the G′ and G″ decreased with the temperature, which showed that the hydrogel started transiting from gel to solution. When the temperature reached the critical temperature at which G′ was equal to G″, the hydrogel transformed to the solution completely. The curve of hydrogel formation and transition were nearly overlapped which demonstrated that the 3% and 5% hydroxybutyl chitosan all had perfect reversible thermo responsive behavior, the only difference was the different G′ and G″ which indicated that the strength of hydrogel whose determinants mainly were concentration, molecular weight and the degree of substitution.
Reversible thermoresponse behavior
Fig. 5.
Temperature dependence of storage modulus G′ and loss modulus G″ of 3% and 5% hydroxybutyl solution at a frequency of 1Hz and at a heating rate of 1 0 C/min from 5 to 40 0 C following with the decreasing from 40 to 5 0 C with the same rate of 1 0 C/min. The square symbols denote the heating process.
Rheological characterization of the temperature-dependent gelation process
At low temperature of 5 0 C, the hydroxybutyl chitosan solution displayed solution-like rheological behavior which was not like the typical semi-dilute solution rheological behavior (Nystrom, et al., 2005) (Figure 6 ). The G′ of the typical semi-dilute solution was lower than G″ at certain frequency, however, the G′ of hydroxybutyl chitosan was larger slightly than G″ and the extent was significant with the increasing of concentration of hydroxybutyl chitosan which indicated that at low temperature the hydroxybutyl chitosan solution had the tendency from the solution to gel. When the concentration was 4% and 6%, the rheological behavior exhibited the typical solution behavior. However at low frequency the G′ was larger than G″, which was probably the result of the shear stress. With the increasing of concentration, the G′ and the loss modulus were all increased. At 8% and 10% the storage modulus was larger than G″ which indicated that partial of solution had been in the process of gelation. When the temperature was heated from 5 to 40 0 C, a rapid increase of G′ indicated incipient gelation at low temperature ( Figure 4 , Figure 5 ) and at 37 0 C a hydrogel with certain mechanical strength had been formed. After incubation at 37 0 C for at least 60 min, rheological measurements indicated a nearly frequency independent G′, however G″ increased slightly with the increasing of frequency which was the characteristic property of hydrogel materials (Nishinari, et al., 1995) (Figure 7) . During the gelation process, both G′ and G″ increased gradually and then reached the onset of plateau, on which G′ was largely higher than G″. This demonstrated that the elastic response of hydroxybutyl chitosan is stronger than the viscous response. At 37 0 C, the hydrogel system displayed a significant solid-like behavior. As known, the storage modulus can be considered as a measurement of the extent of gel formation. The higher G′ of the hydrogel indicated the stronger gel intensity. 
The probably mechanism of gelation
A large amount of work have been carried out to research the mechanism of the thermosensitive materials. To date, the following mechanisms occurred in the sol/gel transition process, which were ratified by people largely: electrostatic repulsion, electrostatic attraction between the opposite charges, attractive hydrophobic and hydrogen bonding among macromolecule. After the conjugation of hydroxybutyl groups to chitosan, the interactions between the hydrophobic groups and hydrophilic groups, the hydrogen bonding became the main functions to confer the hydroxybutyl chitosan the thermosensitive property.
In our current work, we only selected the concentration to observe the process of the gelation. When dissolving in water, the interactions between the hydrophobic and hydrophilic groups which were dominant in the system were enhanced because of the conjugation of hydroxybutyl groups. So at low temperature, the chains of the hydroxybutyl chitosan were in the state of tension and the backbone of the hydroxybutyl chitosan was in less continual mobility. Figure 6 indicated that at low temperature few parts of hydrogels had been formed in the system, however still displayed the solution-like rheological behavior. At high temperature, the backbones of hydroxybutyl chitosan were in the state of coiling and the intermolecular hydrogen bonding was reduced and the mobility of hydroxybutyl chitosan molecule was accelerated. So the energized water molecules surrounding the backbone of hydroxybutyl chitosan were removed. Cabane, et al (Cabane, et al., 1996) have indicated that increasing of the temperature caused some sections of macromolecules to aggregate into sections of a polymer-rich phase, where there are always interactions of hydrophoblic groups.
Conclusions
The hydroxybutyl chitosan was prepared through addition reaction in alkaline condition between chitosan and 1,2-epoxybutane. Through the FT-IR, XRD analysis, the products were proved to be the N,O-hydroxybutyl chitosan. The rheological analysis showed that the material proposed the low gelation temperature of 14 0 C, 19 0 C, 20 0 C at the concentration of 10%, 5%, 3% respectively. The thermosensitivity and transition property can be indicated in the present article. At 37 0 C, different concentration of hydroxybutyl chitosan was in the state of hydrogel with different mechanical strength.
Experimental part
Materials
Chitosan was obtained from the Qisheng Biologic Agent Limited Company (Shanghai, China). The degree of deacetylation (DD) was 90% determined by elemental analysis. 1,2-Epoxybutane was obtained from Sigma Company. Other reagents were all commercially available.
Purification of chitosan
Biomaterials derived from animals often carry inherent protein which intend to initiate infection reactions. So it is crucial to ensure these materials with a high purity. Obviously, chitosan which is a natural polysaccharide derived from crustacean must be purified before the further usage as biomaterial on a large scale. According to the relate method by Quan et al (Quan, et al., 2005) with little modification with respect to the replacement of NaOH solution with KOH solution used to adjust the pH for easy removal of salts.
Preparation of hydroxybutyl chitosan
First, 10 g chitosan was immersed into 100 ml 50% (m/m) KOH with the protection of N 2 at room temperature. 24 h later, the additional KOH solution was discarded and the chitosan was mixed with 100 ml 85% isopropyl alcohol and 200 ml 1,2-epoxybutane in the 500ml-flask. The reaction was administrated under magnetic stirring at room temperature. 96 h later, the supernatant was removed and the precipitation was collected. Then the precipitation was dissolved in deionized water and the pH was adjusted to 7.0 with 10% acetic acid. Finally, the hydroxybutyl chitosan was precipitated using 8-10 times volume of acetone. Dried in oven at 40 0 C, the powder was obtained.
Elemental analysis of hydroxybutyl chitosan and degree of substitution calculation
Elemental analysis of hydroxybutyl chitosan was performed by Quantitative Technologies Inc. (Whitehouse, NJ). Percentages of each element (C, H, N) and known molecular formulas were used to analysis the degree of hydroxybutyl chitosan substitution per residue according to the related reports ( (Blanchard, & Proniuk, 1999 ) with little modification.
Characterization of hydroxybutyl chitosan
The hydroxybutyl chitosan was characterized by following measurement.
FT-IR spectra of raw chitosan and hydroxybutyl chitosan were taken with potassium bromide pellets on Nicolet Nexus 670 spectrometer at different wavelength from 4000cm -1 -500cm -1 . X-ray powder diffraction (XRD) patterns were obtained by a D/max-rA diffractometer.
Rheological analysis
The rheological analysis was performed on a strain-controlled ARES-2000 rheometer (TA. Inc., New Castle, USA). The rheometer was equipped with two sensitive force transducers for torque measurements ranging from 0.004 to 100 g·cm. The rheometer was equipped with a thermo-bath with circulating water which ensures the temperature of the sample chamber changing within ±0.5 0 C around the set value. The sample solution (5 mL) was dripped in the rheometer directly without shearing or oscillating and covered with a metal cap to prevent evaporation during the measurements. For the frequency sweep analysis, it was defined as time t=0 s when the temperature reached the set value. The sweep of the frequency was from 0.01-100 Hz. During the measurements of the temperature sweep and the reversible process, oscillatory measurements were manipulated at 0.5 Hz, while the temperature was increased and decreased at the rate of 1 0 C /min within the range of 5-40 0 C. So the dynamic viscoelastic functions such as storage modulus (G′) and loss modulus (G″) were measured to check the function of temperature and angular frequency. During the measurements, the values of the strain amplitude were observed to ensure that all the processes were carried out within the linear viscoelastic regime.
